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(57) ABSTRACT

A nonvolatile memory element includes: a first electrode; a
second electrode; and a variable resistance layer between the
first and second electrodes. The variable resistance layer hav-
ing a resistance value that reversibly changes according to an
electrical signal provided between the electrodes. The vari-
able resistance layer includes a first variable resistance layer
and a second variable resistance layer. The first variable resis-
tance layer comprises a first metal oxide. The second variable
resistance layer is planar and includes a first part and a second
part. The first part comprises a second metal oxide and is
planar. The second part comprises an insulator and is planar.
The second metal oxide has a lower oxygen deficient degree
than that of the first metal oxide. The first and second parts are
in contact with different parts of a main surface of the first
variable resistance layer which faces the second variable
resistance layer.

11 Claims, 13 Drawing Sheets
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FIG. 2
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FIG. 3
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NONVOLATILE MEMORY ELEMENT AND
METHOD OF MANUFACTURING
NONVOLATILE MEMORY ELEMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is based on and claims priority of
Japanese Patent Application No. 2012-202902 filed on Sep.
14,2012. The entire disclosure of the above-identified appli-
cation, including the specification, drawings and claims is
incorporated herein by reference in its entirety.

FIELD

One or more exemplary embodiments disclosed herein
relate to nonvolatile memory elements and methods of manu-
facturing nonvolatile memory elements, and more particu-
larly to a variable resistance nonvolatile memory element
having a resistance value that varies depending on an applied
voltage pulse and a method of manufacturing the nonvolatile
memory element.

BACKGROUND

In recent years, with the advance of digital technologies,
electronic devices, such as mobile information devices and
information home appliances, have been provided with
higher functions. There have therefore been increased
demands for an increased capacity of a memory device,
reduction of writing power, a higher speed of writing and
reading, and a longer lifetime.

It is said that miniaturization of a flash memory including
existing floating gates has a limit and fails to meet these
demands. On the other hand, a variable resistance nonvolatile
memory element having a variable resistance layer serving as
a memory unit includes a variable resistance element having
a simple structure sandwiched by a pair of electrodes. There-
fore, it is expected that such a nonvolatile memory element
has a possibility of further miniaturization, a higher speed,
and further consumption power saving.

If a variable resistance layer serves as a memory unit, for
example, application of an electric pulse or the like changes a
resistance value of the variable resistance layer from high to
low or from low to high. In this case, it is necessary to clearly
distinguish between the two resistance values in low resis-
tance and in high resistance, at the same time, stably change
between low resistance and high resistance at a high speed,
and then hold the two resistance values in the nonvolatile
manner. In order to stabilize the memory characteristics and
miniaturize the memory element, there have conventionally
been various propositions.

For example, Patent Literature 1 discloses a nonvolatile
memory element in which a variable resistance layer is pro-
vided between a pair of electrodes. The variable resistance
layer has a multi-layer structure including a first variable
resistance layer and a second variable resistance layer which
comprise the same kind of transition metal oxide having
different oxygen content atomic percentages. According to
Patent Literature 1, the use of the nonvolatile memory ele-
ment makes it possible to selectively cause oxidation-reduc-
tion reaction near an interface between an electrode and a
variable resistance layer having a high oxygen content atomic
percentage and, thereby providing stable resistance change.
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CITATION LIST

Patent Literature

Patent Literature 1: International Publication No. 2008/
149484

SUMMARY
Technical Problem

However, regarding the nonvolatile memory element hav-
ing the conventional structure, there is a case where a resis-
tance value of the variable resistance layer is very high in an
initial state immediately after manufacturing the element and
therefore normal resistance change does not occur. In this
case, in order to change the nonvolatile memory element from
the initial state to an operable state where normal resistance
change stably occurs, processing so-called initial breakdown,
for example, is necessary.

In the initial breakdown, a voltage having an amplitude
much higher than an amplitude of a voltage used to cause
normal resistance change in the operable state is applied to the
nonvolatile memory element in the initial state, thereby form-
ing a conductive path in the second variable resistance layer.
The voltage required for initial breakdown of a nonvolatile
memory element is referred to as a initial breakdown voltage.

For a nonvolatile memory element that requires the initial
breakdown to be changed to the operable state, it is desired to
perform the initial breakdown by applying a voltage as low as
possible, in order to meet various requirements, such as
reduction of a possibility of causing undesired electric break-
down in the nonvolatile memory element in the initial break-
down, efficiency of the initial breakdown, and elimination of
ahigh voltage generation circuit dedicated to the initial break-
down.

Under the above-described circumstances, one non-limit-
ing and exemplary embodiment provides a nonvolatile
memory element capable of performing initial breakdown at
a lower voltage than a voltage in the conventional technique,
and a method of manufacturing such a nonvolatile memory
element.

Solution to Problem

In one general aspect, the techniques disclosed here feature
a nonvolatile memory element, including: a first electrode; a
second electrode; and a variable resistance layer between the
first electrode and the second electrode, the variable resis-
tance layer having a resistance value that reversibly changes
according to an electrical signal applied between the first
electrode and the second electrode, wherein the variable
resistance layer includes at least a first variable resistance
layer and a second variable resistance layer, the first variable
resistance layer comprises a first metal oxide, the second
variable resistance layer is planar and includes a first part and
a second part, the first part comprising a second metal oxide
and being planar, and the second part comprising an insulator
and being planar, the second metal oxide has a lower oxygen
deficient degree than an oxygen deficient degree of the first
metal oxide, and the first part and the second part of the
second variable resistance layer are in contact with different
parts of a main surface of the first variable resistance layer, the
main surface facing the second variable resistance layer.

Advantageous Effects

In the nonvolatile memory element according to one or
more exemplary embodiments or features disclosed herein,



US 9,159,917 B2

3

the second variable resistance layer is provided with the sec-
ond part comprising an insulating material (insulator). The
provision of the second variable resistance layer decreases a
cross-sectional area of the first part comprising the second
metal oxide, namely, an effective path for an operation current
in the nonvolatile memory element.

Accordingly, in comparison to the conventional structure
without having a part comprising an insulating material in the
second variable resistance layer, the nonvolatile memory ele-
ment according to the present discloser has a less leak current
and a higher concentration of the operation current. There-
fore, the nonvolatile memory element according to the
present disclosure can perform initial breakdown at a lower
voltage.

BRIEF DESCRIPTION OF DRAWINGS

These and other objects, advantages and features of the
invention will become apparent from the following descrip-
tion thereof taken in conjunction with the accompanying
drawings that illustrate a specific embodiment of the present
disclosure.

FIG. 1is a cross-sectional view of a structure example of a
conventional nonvolatile memory element.

FIG. (a) to (g) in FIG. 2 are cross-sectional views showing
a method example of manufacturing a main part of the con-
ventional nonvolatile memory element.

FIG. (a) in FIG. 3 is a cross-sectional view showing a
structure example of a nonvolatile memory element accord-
ing to an embodiment, and (b) in FIG. 3 is a plane view of a
second variable resistance layer.

FIG. 4(a) to (j) in FIG. 4 are cross-sectional views showing
a method example of manufacturing a main part of the non-
volatile memory element according to the embodiment.

FIG. 5(a) to (1) in FIG. 5 are cross-sectional views showing
another example of the method of manufacturing the main
part of the nonvolatile memory element according to the
embodiment.

FIG. 6 is a graph plotting an initial breakdown voltage in
the conventional example and an initial breakdown voltage in
the nonvolatile memory element according to the embodi-
ment.

FIG. 7 is a graph plotting an example of a relationship
between a resistance value and a pulse application count in
the case where an electric pulse is applied to the nonvolatile
memory element according to the embodiment.

FIG. 8 is a graph plotting a distribution of an operation
current in each of the conventional example and the nonvola-
tile memory element according to the embodiment.

FIG. 9 is a graph plotting an operation example of writing
data into the nonvolatile memory element according to the
embodiment.

FIG. 10 is a graph plotting an operation example of reading
data from the nonvolatile memory element according to the
embodiment.

FIG. 11 is a block diagram of a structure example of a
nonvolatile memory device including the nonvolatile
memory elements according to the embodiment.

FIG. 12 is an oblique perspective view of a structure
example of an A part (structure for four bits) in the nonvolatile
memory device shown in FIG. 11.

FIG. 13 is a cross-sectional view of a structure example of
the nonvolatile memory element in the nonvolatile memory
device shown in FIG. 11.

FIG. 14 is an oblique perspective view of a structure
example of a memory cell array in a multi-layer structure of
the nonvolatile memory devices shown in FIG. 11.
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FIG. 15 is a block diagram of a structure example of a
nonvolatile memory device including the nonvolatile
memory elements according to the embodiment.

FIG. 16 is a cross-sectional view of a structure of a C part
(structure for two bits) in the nonvolatile memory device
shown in FIG. 15.

DESCRIPTION OF EMBODIMENT

Prior to the embodiment, the description is given for
detailed explanation of characteristics of the conventional
nonvolatile memory element disclosed in the “Background”
and the problems in the conventional nonvolatile memory
device which the inventors have found.

(Structure and Manufacturing Method of Conventional
Nonvolatile Memory Element)

FIG. 1 is a cross-sectional view of a structure example of
the conventional nonvolatile memory element 50.

(a) to (g) in FIG. 2 are cross-sectional views showing an
example of a method of manufacturing a main part of the
conventional nonvolatile memory element 50. In the follow-
ing explanation, a structural element having different shapes
due to patterning is sometimes assigned with the same refer-
ence numeral but with different names before and after the
patterning.

As shown in (a) in FIG. 2, a conductive layer comprising
aluminium (Al) is formed on the substrate 100 in which a
transistor, a lower-layer line, and the like are provided. The
conductive layer is patterned to form a first line 101. Further-
more, an insulating film is formed on the substrate 100, cov-
ering the first line 101. The surface of the insulating film is
smoothed to form a first interlayer insulating layer 102. Then,
a desired mask is used to perform patterning, thereby forming
a first contact hole 103 that penetrates the first interlayer
insulating layer 102 to the first line 101.

Next, as shown in (b) in FIG. 2, a filler comprising mainly
tungsten fills the contact hole. Chemical Mechanical Polish-
ing (CMP) is applied to polish the entire wafer to be
smoothed. Unnecessary portions of the filler are removed
from the top surface of the interlayer insulating film 12,
thereby forming a first contact plug 104 in the first contact
hole 103.

Next as shown in (¢) in FIG. 2, a first conductive film 105
comprising tantalum nitride is performed by sputtering on the
first interlayer insulating layer 102, covering the first contact
plug 104.

Next, as shown in (d) in FIG. 2, a first metal oxide 106a and
asecond metal oxide 1065 are sequentially stacked on the first
conductive film 105 in order. A oxygen content atomic per-
centage of the second metal oxide 1065 is greater than an
oxygen content atomic percentage of the first metal oxide
106a.

For example, regarding the first metal oxide 1064, an oxy-
gen content atomic percentage is in a range from 50 atm % to
65 atm % inclusive, a resistivity is in a range from 2 Q-cm to
50 Q-cm inclusive, and a thickness is in a range from 20 nm to
100 nm inclusive. In contrast, regarding the second metal
oxide 1065, an oxygen content atomic percentage is in arange
from 65 atm % to 75 atm % inclusive, a resistivity is 107
m&2-cm or more, and a thickness is in a range from 3 nm to 10
nm inclusive.

Next, as shown in (e) in FIG. 2, a second conductive film
107 comprising a noble metal (platinum, iridium, palladium,
or the like) is formed on the second metal oxide 1065.

Next, as shown in (f) in FIG. 2, a desired mask is used to
pattern the conductive film 107, the first metal oxide 1064, the
second metal oxide 1065, and the conductive film 105,
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thereby forming: a second electrode 107; a variable resistance
layer 106 including the first metal oxide 1064 and the second
metal oxide 1065; and a first electrode 105.

Finally, as shown in (g) in FIG. 2, a second interlayer
insulation layer 108 is formed to cover the variable resistance
layer 106 and have a thickness in a range, for example, from
500 nm to 1000 nm inclusive. In the same manufacturing
method as described in (a) and (b) in FIG. 2, a second contact
hole 109 and a second contact plug 110 are formed. After that,
a second line 111 is formed, covering the second contact plug
110. Eventually, the nonvolatile memory element 50 is manu-
factured.

If a variable resistance layer comprises a metal oxide such
as a oxygen-deficient tantalum oxide like the variable resis-
tance layer in the conventional nonvolatile memory element
50, the variable resistance layer has a multi-layer structure
that includes a layer having a high oxygen content atomic
percentage (high oxygen concentration layer, high resistance
layer) and a layer having a low oxygen content atomic per-
centage (low oxygen concentration layer, low resistance
layer). As a result, the nonvolatile memory element can pro-
vide stable resistance change.

Here, the “oxygen-deficient metal oxide” is defined as a
metal oxide having an oxygen content (atomic ratio: a ratio of
a total number of oxygen atoms to a total number of atoms)
that is lower than that of an metal oxide having a stoichio-
metric composition. Furthermore, the “oxygen deficient
degree” of a metal oxide refers to a ratio of (a) an amount of
deficient oxygen to (b) an amount of oxygen included in an
oxide of a stoichiometric composition (a stoichiometric com-
position having the highest resistance value, if there are a
plurality of stoichiometric compositions).

For example, in the case of a tantalum oxide, an oxide in a
stoichiometric composition is Ta,Os in the above definition.
Therefore, if the composition is expressed as TaO,, the tan-
talum oxide is expressed as TaO, 5. As a result, a value of x in
the oxygen-deficient tantalum oxide is 0<x<2.5. A range of x
varies depending on a valence of a metal in the oxide. In
general, a metal oxide having a stoichiometric composition
(in particular, a stoichiometric composition having the great-
est oxygen content atomic percentage) has insulating proper-
ties, and an oxygen-deficient metal oxide has semiconductor
properties.

Regarding a nonvolatile memory element in which a vari-
able resistance layer has a multi-layer structure that includes
a high oxygen concentration layer and a low oxygen concen-
tration layer, a resistance value in an initial state immediately
after manufacturing is higher than a resistance value in a high
resistance state in the operable state where normal resistance
change is possible. In this state, the resistance is sometimes
not changed even with application of electric signal.

In this case, in order to change the nonvolatile memory
element to be in the normal operable state, for example, it is
necessary that an electric pulse is applied between first and
second electrodes sandwiching the variable resistance layer
in an initial state, thereby forming a conductive path in the
high resistance layer (in other words, it is necessary to break-
down the high resistance layer). Such processing is called
initial breakdown. The conductive path formed by the initial
breakdown is considered as having a filamentary shape with
a diameter of approximately 10 nm.

In the conventional nonvolatile memory element, a voltage
of an electric pulse required for the initial breakdown (initial
breakdown voltage) is higher than a voltage of an electric
pulse required to change the variable resistance layer from a
low resistance state to a high resistance state or from a high
resistance state to a low resistance state in the normal resis-
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tance change operation. Therefore, the conventional initial
breakdown has various problems and inconveniences, such as
unintended electric damage in the nonvolatile memory ele-
ment, reduction of efficiency of the initial breakdown, and a
need of a special circuit dedicated to generate a high voltage.

Furthermore, as a result of the above examinations, the
inventors have newly found that the electric characteristics of
the conductive path formed by the initial breakdown signifi-
cantly depend on a concentrating of a current flowing in the
variable resistance layer during the initial breakdown.

Ifthe electric characteristics of the conductive path formed
by the initial breakdown vary, currents flowing in respective
nonvolatile memory elements are various, and a yield ratio of
the nonvolatile memory elements is decreased. Furthermore,
characteristics such as pretension (data holding characteris-
tics) and endurance (data rewriting counts) are different
depending on nonvolatile memory elements. That further
decreases the yield ratio of the nonvolatile memory elements.
In particular, if the conductive path is provided near a side
surface of an element that is highly likely to be influenced by
damages or oxidization occurred in manufacturing the ele-
ment, characteristics of good resistance change are not
obtained. Therefore, the yield ratio would be decreased in the
nonvolatile memory element.

Under the observation on these circumstances, one or more
exemplary embodiments disclosed herein provide a nonvola-
tile memory element capable of performing initial breakdown
at a lower voltage than a voltage in the conventional tech-
nique, and a method of manufacturing the nonvolatile
memory element.

In one general aspect, the techniques disclosed here feature
a nonvolatile memory element, including: a first electrode; a
second electrode; and a variable resistance layer between the
first electrode and the second electrode, the variable resis-
tance layer having a resistance value that reversibly changes
according to an electrical signal applied between the first
electrode and the second electrode, wherein the variable
resistance layer includes at least a first variable resistance
layer and a second variable resistance layer, the first variable
resistance layer comprises a first metal oxide, the second
variable resistance layer is planar and includes a first part and
a second part, the first part comprising a second metal oxide
and being planar, and the second part comprising an insulator
and being planar, the second metal oxide has a lower oxygen
deficient degree than an oxygen deficient degree of the first
metal oxide, and the first part and the second part of the
second variable resistance layer are in contact with different
parts of a main surface of the first variable resistance layer, the
main surface facing the second variable resistance layer.

It is possible that the second variable resistance layer has a
thickness in a range from 3 nm to 10 nm inclusive.

Itis also possible that the first part and the second part of the
second variable resistance layer are in contact with different
parts of a main surface of the second electrode, the main
surface facing the second variable resistance layer.

Itis further possible that the first part of the second variable
resistance layer does not include side surfaces of the second
variable resistance layer, and the second part of the second
variable resistance layer includes the side surfaces of the
second variable resistance layer.

It is further possible that the insulator is one of an oxide, a
nitride, and an oxynitride.

It is further possible that each of the first metal oxide and
the second metal oxide is one of a tantalum oxide, a hafnium
oxide, and a zirconium oxide.
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It is further possible that the second metal oxide includes a
local region having an oxygen deficient degree that reversibly
changes according to an applied electric pulse.

It is further possible that a size of the first part is no larger
than a half of a size of the second variable resistance layer in
length.

It is further possible that the nonvolatile memory element
further includes an insulation layer in which the first elec-
trode, the second electrode, and the variable resistance layer
are embedded, the insulation layer comprising an insulator
different from the insulator in the second part in the variable
resistance layer.

It is further possible that a first metal in the first metal oxide
is same as a second metal in the second metal oxide.

With the above structure, the second variable resistance
layer is provided with the second part comprising the insula-
tor. As a result, the provision of the second variable resistance
layer decreases a cross-sectional area of the first part com-
prising the second metal oxide, namely, an effective path for
an operation current in the nonvolatile memory element. As a
result, in comparison to the conventional structure without
having a part comprising an insulating material in the second
variable resistance layer, the nonvolatile memory element
according to the present aspect has a less leak current and a
higher concentration of the operation current. Therefore, the
nonvolatile memory element according to the present aspect
can perform initial breakdown at a lower voltage.

In another general aspect, the techniques disclosed here
feature a method of manufacturing a nonvolatile memory
element, the method including: forming a first electrode
above a semiconductor substrate; disposing a first metal oxide
on the first electrode; disposing an insulator on the first metal
oxide, the insulator being planar; removing a part of the
insulator to expose the first metal oxide; disposing a second
metal oxide on a part of the first metal oxide from which the
part of the insulator is removed, the second metal oxide hav-
ing a lower oxygen deficient degree than an oxygen deficient
degree of the first metal oxide, and the second metal oxide
being planar; and forming a second electrode above the insu-
lator and the second metal oxide.

It is possible that in the removing, a through hole is formed
in the insulator to expose the first metal oxide, and the dis-
posing of the second metal oxide includes: disposing the
second metal oxide in the through hole and over the insulator;
and removing a part of the second metal oxide which is over
the insulator.

It is also possible that a method of manufacturing a non-
volatile memory element, the method including: forming a
first electrode above a semiconductor substrate; disposing a
first metal oxide on the first electrode; disposing a second
metal oxide on the first metal oxide to be planar, the second
metal oxide having a lower oxygen deficient degree than an
oxygen deficient degree of the first metal oxide; removing a
part of the second metal oxide to expose the first metal oxide;
disposing an insulator above a part of the first metal oxide
from which the part of the second metal oxide is removed, the
insulator being planar; and forming a second electrode above
the insulator and the second metal oxide.

It is further possible that the disposing of the insulator
includes: forming the insulator over the first metal oxide and
the second metal oxide; and removing a part of the insulator
which is on the second metal oxide.

It is further possible that the method according further
comprises applying an electric pulse between the first elec-
trode and the second electrode to form a local region in the
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second metal oxide, the local region having an oxygen defi-
cient degree that reversibly changes according to applied
electric pulses.

The manufacturing method can offer a nonvolatile memory
element having the same advantageous effects as described
previously.

Hereinafter, certain exemplary embodiment and its appli-
cation examples are described in greater detail with reference
to the accompanying Drawings. It should be noted that all the
embodiment and its application examples described below
are specific examples of the present disclosure. Numerical
values, shapes, materials, constituent elements, arrangement
positions and the connection configuration of the constituent
elements, steps, the order of the steps, and the like described
in the following embodiment and application examples are
merely examples, and are not intended to limit the present
disclosure. Therefore, among the constituent elements in the
following embodiment and application examples, constituent
elements that are not described in independent claims that
show the most generic concept of the present disclosure are
described as elements constituting more desirable configura-
tions, although such constituent elements are not necessarily
required to achieve the object of the present disclosure It
should be noted that the same reference numerals are
assigned to the identical elements in all the figures, and the
explanation of the identical elements are sometimes not given
repeatedly.

Embodiment
Structure of Nonvolatile Memory Element

(a) in FIG. 3 is a cross-sectional view showing a structure
example of anonvolatile memory element 10 according to the
present embodiment, and (b) in FIG. 3 is a plane view of a
second variable resistance layer 1062 included in the non-
volatile memory element 10. As shown in FIG. 3, the non-
volatile memory element 10 according to the present embodi-
ment is a variable resistance nonvolatile memory element.
The nonvolatile memory element 10 includes a substrate 100,
a first line 101, a first interlayer insulating layer 102, a first
contact plug 104, a variable resistance element 20, a second
interlayer insulation layer 108, a second contact plug 110, and
a second line 111.

Ifthe nonvolatile memory elements 10 form a memory cell,
one of the first line 101 and the second line 111 is connected
to a switch element (a diode or a transistor) not shown. The
switch element is set to be OFF while the memory cell is not
selected. The switch element may be connected directly to a
first electrode 105 or a second electrode 107 in the nonvolatile
memory element 10, not through the contact plugs 104 and
110, the first line 101, and the second line 111. The switch
element may be a part of the nonvolatile memory element 10.

The substrate 100 is a semiconductor substrate comprising
silicon (Si) or the like. The firstline 101 is a line formed on the
substrate 100. The first interlayer insulating layer 102 is an
interlayer insulation layer (for example, having a thickness in
a range from 500 nm to 1000 nm inclusive) comprising a
silicon oxide or the like that coverts the first line 101 on the
substrate 100.

The first contact hole 103 (with a diameter in a range, for
example, from 50 nm to 300 nm inclusive) is a contact hole
accommodating the contact plug 104 that penetrates the first
interlayer insulating layer 102 to be electrically connected
with the first line 101. The contact plug 104 is a conductor that
is embedded in the first contact hole 103 and comprises
mainly tungsten, for example.
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The variable resistance element 20 includes the first elec-
trode 105 (with a thickness in a range, for example, from 5 nm
to 100 nm inclusive), the variable resistance layer 106 (with a
thickness in a range, for example, from 20 nm to 100 nm
inclusive), and the second electrode 107 (with a thickness in
a range, for example, from 5 nm to 100 nm inclusive). The
first electrode 105 is formed on the first interlayer insulating
layer 102, covering the first contact plug 104. The first elec-
trode 105 comprises tantalum nitride or the like. The second
electrode 107 comprises a noble metal (Pt, Ir, Pd, or the like)
or the like. The second interlayer insulation layer 108 (with a
thickness in a range, for example, from 500 nm to 1000 nm
inclusive) comprises a silicon oxide or the like. The second
interlayer insulation layer 108 covers the variable resistance
element 20. In other words, the variable resistance element 20
is embedded in the second interlayer insulation layer 108.

The second contact hole 109 (with a diameter in a range, for
example, from 50 nm to 300 nm inclusive) penetrates the
second interlayer insulation layer 108 to the second electrode
107. The second contact plug 110 is a conductor that is
embedded in the second contact hole 109 and comprises
mainly tungsten, for example.

The second line 111 is formed on the second interlayer
insulation layer 108, covering the second contact plug 110
and three-dimensionally crossing (for example, locating at
right angles to) the first line 101.

It should be noted that the nonvolatile memory element 10
may be anything as long as at least the variable resistance
element 20 is included. It is also possible that the structural
elements (the substrate 100, the first line 101, the first inter-
layer insulating layer 102, the first contact hole 103, the first
contact plug 104, the second interlayer insulation layer 108,
the second contact hole 109, the second contact plug 110, and
the second line 111) except the variable resistance element 20
may be replaced by other known structural elements or may
be omitted, as long as the variable resistance element 20 can
operate.

The variable resistance element 20 is described in more
detail.

The variable resistance layer 106 is provided between the
second electrode 107 and the first electrode 105. The variable
resistance layer 106 has a resistance value that reversibly
changes based on an electric signal applied between the first
electrode 105 and the second electrode 107. More specifi-
cally, the variable resistance layer 106, for example, revers-
ibly changes between a high resistance state and a low resis-
tance state according to a polarity of a voltage applied
between the first electrode 105 and the second electrode 107.
It is also possible that the variable resistance layer 106 may
reversibly changes between the high resistance state and the
low resistance state depending on values of voltages having
the same polarity that are applied between the first electrode
105 and the second electrode 107.

The variable resistance layer 106 has a multi-layer struc-
ture that includes at least two layers: a first variable resistance
layer 1061 and a second variable resistance layer 1062. The
first variable resistance layer 1061 comprises a first metal
oxide 106a. The second variable resistance layer 1062 is
provided as a planar region. The second variable resistance
layer 1062 includes: a first part that comprises a second metal
oxide 1065 and is planar; and a second part that comprises an
insulator 106¢ and is planar.

The first part and the second part of the second variable
resistance layer 1062 are in contact with respective different
parts of a main surface (top surface in this example) of the first
variable resistance layer 1061 facing the second variable
resistance layer 1062. It should be noted that the first part and
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the second part of the second variable resistance layer 1062
may be in contact with respective different parts of a main
surface (bottom surface in this example) of the second elec-
trode 107 facing the second variable resistance layer 1062.

It is further possible that the second metal oxide 1065 (the
first part) is located in a part closer to the center of the second
variable resistance layer 1062 (in other words, located in the
central part of the second variable resistance layer 1062
which does not include the side surfaces of the second vari-
able resistance layer 1062), and that the insulator 106¢ (the
second part) is located in a part closer to the periphery of the
second variable resistance layer 1062 (in other words, located
in a peripheral part of the second variable resistance layer
1062 which surrounds the central part and includes the side
surfaces of the second variable resistance layer 1062).

Each of the first metal oxide 1064 and the second metal
oxide 1065 may be a metal oxide mainly comprising, for
example, tantalum (Ta). An example of composition and
thickness of tantalum oxides serving as the first metal oxide
1064 and the second metal oxide 1065 will be described in
detail after the description for the manufacturing method.

An oxygen deficient degree of the second metal oxide 1065
is lower than an oxygen deficient degree of the first metal
oxide 106a. Here, the second metal oxide 1065 may be a
stoichiometric composition. For example, if a tantalum oxide
is used, it may be Ta,O5. A resistance value of the insulator
106¢ is greater than a resistance value of the second metal
oxide 1065.

A size of the second metal oxide 1065 (the first part) may
be no larger than a half of a size of the second variable
resistance layer 1062 in length. For example, itis possible that
a length of a side of an inner square shown in the plane view
of (b) in FIG. 3 is no more than a half of a length of a side of
an outer square.

It is further possible that the second interlayer insulation
layer 108 and the insulator 106¢ (the second part) may com-
prise different insulating materials.

With the above structure, at the inner side surfaces of the
second variable resistance layer 1062, the insulator 106¢ hav-
ing a greater resistance value than a resistance value of the
second metal oxide 1065 is provided. Therefore, in compari-
son to the case without having the insulator 106¢ (the con-
ventional structure in which the entire second variable resis-
tance layer 1062 comprises only the second metal oxide
10654), an effective path for an operation current in the non-
volatile memory element 10 has a smaller cross-sectional
area. The cross-sectional area of the effective path for an
operation current is decreased from a cross-sectional area S1
perpendicular to a current path in the entire second variable
resistance layer 1062, to a cross-sectional area S2 perpen-
dicular to a current path in the second part of the second
variable resistance layer 1062.

As a result, a concentration of a current flowing from the
second metal oxide 1064 to the first metal oxide 1064 (the first
variable resistance layer 1061) is increased. As a result, a
conductive path is easily formed in the first metal oxide 1064,
so that an initial breakdown voltage of the nonvolatile
memory element 10 is decreased and the nonvolatile memory
element can perform the initial breakdown at a low voltage.

In other words, most of a current flowing in the second
variable resistance layer 1062 that comprises the second
metal oxide 1065 and the insulator 106¢ flows in the second
metal oxide 1065 having a small resistance value (in other
words, the central part of the second variable resistance layer
1062). As a result, a concentration of the current flowing from
the second variable resistance layer 1062 to the first variable
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resistance layer 1061 is increased. Therefore, it is possible to
initialize the nonvolatile memory element 10 at a lower volt-
age.

The above describes the mechanism of how the concentra-
tion of the current flowing from the second variable resistance
layer 1062 to the first variable resistance layer 1061 is
increased. The same goes for a current flowing in an opposite
direction (in other words, a current flowing from the first
variable resistance layer 1061 to the second variable resis-
tance layer 1062).

It should be noted that, although it has been described as
one example that the first electrode 105, the first variable
resistance layer 1061, the second variable resistance layer
1062, and the second electrode 107 are stacked sequentially
upwards in order in the nonvolatile memory device 10, the
same goes for a nonvolatile memory element in which these
structural elements may be stacked sequentially in opposite
order, in other words, in order of the second electrode 107, the
second variable resistance layer 1062, the first variable resis-
tance layer 1061, and the first electrode 105 from the bottom.
In the nonvolatile memory element having the structural ele-
ments stacked in opposite order, the terms such as a bottom
surface in the above description is read as a top surface appro-
priately.

As described above, the first variable resistance layer 1061
comprises the oxygen-deficient first metal oxide 1064, and
the second variable resistance layer 1062 comprises: the insu-
lator 106¢; and the second metal oxide 1065 having an oxy-
gen deficient degree that is lower than that of the first metal
oxide 106a. Inthe second variable resistance layer 1062 in the
variable resistance element 106, there is a minute local region
having an oxygen deficient degree that reversibly changes
according to an applied electric pulse. The local region is
considered as including a filament including oxygen defect
sites.

The “oxygen deficient degree” of a metal oxide is a ratio of
(a) an amount of deficient oxygen to (b) an amount of oxygen
included in an oxide of a stoichiometric composition (a sto-
ichiometric composition having the highest resistance value,
if there are a plurality of stoichiometric compositions). A
metal oxide of a stoichiometric composition is more stable
and has a higher resistance value, in comparison to a metal
oxide of any other composition.

For example, in the case where a metal is tantalum (Ta), as
an oxide of a stoichiometric composition is Ta,O5 in the
above definition, the tantalum oxide is expressed as TaO, 5. A
oxygen deficient degree of TaO, 5 is 0%, and a oxygen defi-
cient degree of TaO, s is (2.5-1.5)/2.5=40%. Furthermore, an
oxygen-excess metal oxide has an oxygen deficient degree
having a negative value. In the Specification, oxygen deficient
degrees are described as including positive values, zero, and
negative values, unless otherwise noted.

An oxide having a low oxygen deficient degree has a high
resistance value because it is more similar to an oxide of a
stoichiometric composition. On the other hand, an oxide hav-
ing a high oxygen deficient degree has a low resistance value
because it is more similar to a metal included in an oxide.

The “oxygen content atomic percentage” is a ratio of a total
number of oxygen atoms to a total number of atoms. For
example, an oxygen content atomic percentage of Ta,Os,
which is a ratio of a total number of oxygen to a total number
of atoms (O/Ta+0), is 71.4 atm %. Therefore, an oxygen-
deficient tantalum oxide has an oxygen content atomic per-
centage that is greater than 0 and smaller than 71.4 atm %. For
example, if a metal included in the first metal oxide layer is
the same as a metal included in the second metal oxide layer,
the oxygen content atomic percentage corresponds to the
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oxygen deficient degree. In other words, if the oxygen content
atomic percentage of the second metal oxide is greater than
the oxygen content atomic percentage of the first metal oxide,
the oxygen deficient degree of the second metal oxide is lower
than the oxygen deficient degree of the first metal oxide.

The metal included in the variable resistance layer 106 may
be a metal that is not tantalum. The metal included in the
variable resistance layer may be a transition metal, alu-
minium (Al), or the like. The transition metal may be tanta-
lum (Ta), titanium (T1), hatnhium (Hf), zirconium (Zr), nio-
bium (Nb), tungsten (W), nickel (Ni), or the like. As the
transition metal may be in various oxidation states, it is pos-
sible to achieve a different resistance state by oxidation-
reduction reaction.

For example, in the case where a hafnium oxide is used,
when the first metal oxide 106a has a composition HfO_
where x ranges from 0.9 to 1.6 inclusive, and the second metal
oxide 1065 has a composition HfO, where y is greater than x,
it is possible to stably and speedily change a resistance value
of'the variable resistance layer 106. In this case, a thickness of
the second metal oxide 1065 may be in a range from 3 nm to
4 nm inclusive.

For example, in the case where a zirconium oxide is used,
when the first metal oxide 106a has a composition ZrO,
where x ranges from 0.9 to 1.4 inclusive, and the second metal
oxide 1065 has a composition ZrO, where y is greater than x,
it is possible to stably and speedily change a resistance value
of'the variable resistance layer 106. In this case, a thickness of
the second metal oxide 1065 may be in a range from 1 nm to
5 nm inclusive.

It should be noted that a first metal included in the first
metal oxide 106a may be different from a second metal
included in the second metal oxide 10654. In this case, the
second metal oxide 1065 may have an lower oxygen deficient
degree than that of the first metal oxide 1064, in other words,
the second metal oxide 1065 has resistance higher than that of
the first metal oxide 106a. With the above structure, a voltage
applied between the first electrode 105 and the second elec-
trode 107 in changing resistance is distributed more to the
second metal oxide 1065. As a result, oxidation-reduction
reaction is likely to occur in the second metal oxide second
metal oxide 1065.

Furthermore, if the first metal included in the first metal
oxide 106a is different from the second metal included in the
second metal oxide 1065, a standard electrode potential of the
second metal may be lower than that of the first metal. A
standard electrode potential having a higher value has char-
acteristics of being more unlikely to be oxidized. Thereby,
oxidation-reduction reaction is likely to occur in the second
metal oxide that has arelatively low standard electrode poten-
tial. It is considered that, in the resistance change phenom-
enon, oxidation-reduction reaction occurs in a minute local
region formed in the second metal oxide 1065 having high
resistance and thereby a filament (conductive path) is
changed, so that the resistance value (oxygen deficient
degree) is changed.

For example, the first metal oxide 106a comprises an 0xy-
gen-deficient tantalum oxide (TaO,), and the second metal
oxide 1065 comprises a titanium oxide (TiO,), so that stable
resistance change is possible. Titanium (standard electrode
potential=—1.63 eV) is a material having a lower standard
electrode potential than that of tantalum (standard electrode
potential=-0.6 eV). As described above, when the second
metal oxide 1065 comprises a metal oxide having a standard
electrode potential that is lower than a standard electrode
potential of the first metal oxide 1064, oxidation-reduction
reaction is likely to occur in the second metal oxide 1065. It is
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also possible that the second metal oxide 1065 serving as a
high resistance layer comprises a aluminium oxide (Al,O;)
for another combination. For example, it is possible that the
first metal oxide 106a comprises an oxygen-deficient tanta-
Ium oxide (TaO,) and the second metal oxide 1065 comprises
an aluminium oxide (Al,0;).

It is considered that, in the resistance change phenomenon
in the variable resistance layer in the multi-layer structure,
oxidation-reduction reaction occurs in a minute local region
formed in the second metal oxide 1065 having high resistance
and thereby a filament (conductive path) in the local region is
changed, so that the resistance value is changed.

More specifically, when a positive voltage with respect to
the first electrode 105 is applied to the second electrode 107
connected to the second metal oxide 1065, oxygen ions in the
variable resistance layer 106 are pulled towards the second
metal oxide 1065. Therefore, oxidation reaction occurs in the
minute local region formed in the second metal oxide 1065,
and thereby the oxygen deficient degree is decreased. As a
result, it is considered that oxygen defect sites are unlikely to
connect to one another to form a filament in the local region,
thereby increasing the resistance value.

In contrast, when a negative voltage with respect to the first
electrode 105 is applied to the second electrode 107 con-
nected to the second metal oxide 1065, oxygen ions in the
second metal oxide 1065 are moved towards the first metal
oxide 106a. Therefore, oxidation reaction occurs in the
minute local region formed in the second metal oxide 1065,
and thereby the oxygen deficient degree is increased. As a
result, it is considered that oxygen defect sites are likely to
connect to one another to form a filament in the local region,
thereby decreasing the resistance value.

The second electrode 107 connected to the second metal
oxide 1065 having the low oxygen deficient degree comprises
a material having a higher standard electrode potential than
that of the metals included in the second metal oxide 1065,
such as platinum (Pt), iridium (Ir), and palladium (Pd), and
the material of the first electrode 105. Furthermore, the first
electrode 105 connected to the first metal oxide having a
higher oxygen deficient degree may comprise a material hav-
ing a lower standard electrode potential than that of the metal
included in the first metal oxide 106a, such as tungsten (W),
nickel (Ni), tantalum (Ta), titanium (Ti), aluminium (Al),
tantalum nitride (TaN), or titanium nitride (TiN). A standard
electrode potential having a higher value has characteristics
of being more unlikely to be oxidized.

More specifically, it is possible that Vr2<V2 and V1<V2,
where V2 represents a standard electrode potential of the
second electrode 107, Vr2 represents a standard electrode
potential of'a metal included in the second metal oxide 1065,
Vrl represents a standard electrode potential of a metal
included in the first metal oxide 106a, and V1 represents a
standard electrode potential of the first electrode 105. Fur-
thermore, it is possible that V2>Vr2 and Vrl=V1. With the
above structure, in the second metal oxide 1065 near the
interface between the second electrode 107 and the second
metal oxide 1065, oxidation-reduction reaction selectively
occurs to cause stable resistance change phenomenon.

It is further possible that the insulator 106¢ is one of an
oxide, a nitride, and an oxynitride. For example, the insulator
106¢ may be an aluminium oxide or a titanium oxide.

[First Method of Manufacturing Nonvolatile Memory Ele-
ment]

(a) to (j) in FIG. 4 are cross-sectional views showing an
example of a method of manufacturing a main part of the
nonvolatile memory element 10 according to the present
embodiment. With reference to the figures, a first method of
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manufacturing the main part of the nonvolatile memory ele-
ment 10 according to the present embodiment is described.

As shown in (a) in FIG. 4, on the substrate 100 in which a
transistor and a lower-layer line are provided, a conductive
layer comprising aluminium (Al) or the like is formed to have
a thickness in a rage, for example, from 400 nm to 600 nm.
The conductive layer is patterned to be the first line 101.

Next, an insulation layer is formed on the substrate 100 to
cover the first line 101 and have a thickness in a range, for
example, from 500 nm to 1000 nm inclusive. The surface of
the insulation layer is smoothed to form the first interlayer
insulating layer 102. The first interlayer insulating layer 102
may comprise plasma Tetraethoxysilane (TEOS) film, a fluo-
rine-containing oxide (for example, Fluorinated Silicate
Glass (FSG)) for reducing a parasitic capacitance between
lines, and other low-k dielectric material.

Next, a desired mask is used to pattern the first interlayer
insulating layer 102, thereby forming the first contact hole
103 that penetrates the first interlayer insulating layer 102 to
the first line 101. The first contact hole 103 may be in a cube
with sides each ranging, for example, from 50 nm to 300 nm.

If'a width of the first line 101 is shorter than a width of the
first contact hole 103, mask misalignment changes a contact
area between the first line 101 and the first contact plug 104.
As a result, for example, a cell current is changed. In order to
prevent the above situation, in the present embodiment, the
first line 101 has a width greater than a width of the first
contact hole 103.

Next, as shown in (b) in FIG. 4, atitanium (T1) layer serving
as an adherence layer and a titanium nitride (TiN) layer serv-
ing as a diffusion barrier are formed by spattering as lower
layers to have a thickness in a range, for example, from 5 nm
to 30 nm inclusive. On the titanium (T1) layer and the titanium
nitride (TiN) layer, a tungsten (W) layer serving as a main
structural element of a contact plug is formed by Chemical
Vapor Deposition (CVD) to have a thickness in a range, for
example, from 200 nm to 400 nm inclusive. In this case, the
first contact hole 103 is filled with a conductive layer (a
multi-layer structure of the Ti, TiN, and W layers) that is later
formed as the first contact plug 104.

Next, the whole surfaces of the wafer is polished to be
smoothed by Chemical Mechanical Polishing (CMP), and
unnecessary portions of the conductive layer on the first inter-
layer insulating layer 102 are removed. As a result, the first
contact plug 104 is formed in the first contact hole 103.

Next, as shown in (¢) in FIG. 4, a conductive layer 105
comprising a tantalum nitride or the like is formed by sput-
tering on the first interlayer insulating layer 102 to cover the
first contact plug 104 and have a thickness in a range, for
example, from 20 nm to 100 nm inclusive. It is also possible
that, after forming the conductive layer 105, the conductive
layer 105 is further smoothed by CMP.

Subsequently, as shown in (d) in FIG. 4, the first metal
oxide 1064 is formed on the conductive layer 105. For
example, a tantalum target may be spattered in an atmosphere
of'argon and oxygen gas, in other words, reaction sputtering
may be used, in order to form TaO,, as the first metal oxide
106a.

As an effective example for obtaining good resistance
change characteristics, the first metal oxide 106a may have an
oxygen content atomic percentage in a range from 55 atm %
to 65 atm % inclusive (a value of x1in TaO, , is inarange from
1.22to0 1.86 inclusive), a resistivity in a range from 1 mQ2-cm
to 50 m&2-cm inclusive, and a thickness in a range from 20 nm
to 100 nm inclusive.

Subsequently, the insulator 106¢ is formed on the first
metal oxide 106a to be planar. For example, a polycrystalline
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silicon target is spattered in an atmosphere of a mixed gas of
argon and nitrogen, in other words, reaction sputtering is
used, in order to form a silicon nitride (SiN) as the insulator
106¢.

Next, as shown in (e) in FIG. 4, a desired mask (not shown)
is applied on the insulator 106¢ to form a through hole 1065'
penetrating to the first metal oxide 106a. In other words, the
insulator 106¢ is partially removed to expose the first metal
oxide 106a. A diameter of the through hole 1065' (or a length
of one side when the through hole 1065 has a square shape)
may be, for example, a minimum manufacturing size defined
by process rule.

In this case, in order to prevent etching damage caused by
fluorine (F) or the like included in etching gas which enters
the first metal oxide 106a and deteriorates the quality of the
variable resistance layer, it is desirable that inert gas such as
argon (Ar) is used as etching gas. Wet etching using etching
liquid including hydrofluoric acid (HF) or the like is also
desirable. In the case of Wet etching, fluorine (F) included in
etching liquid does not enter the variable resistance layer, so
that variable resistance layer is not deteriorated.

Next, as shown in (f) in FIG. 4, the second metal oxide
10664 is formed in the through hole 1064 and on the insulator
106c¢. For example, like the first metal oxide 106a, it is pos-
sible that reaction sputtering is performed on a tantalum target
in an oxygen gas atmosphere to form TaO,_, that serves as the
second metal oxide 1065.

After that, as shown in (g) in FIG. 4, etch back is performed
to remove the second metal oxide 1065 from the top surface
of the insulator 106¢. As a result, the second metal oxide is
formed on the part from which the insulator 106c¢ is removed.
By the above-described processing, the second metal oxide
10654 is formed in the through hole 106', being planar. As a
result, the entire second variable resistance layer 1062 is
formed as a planar region.

As an effective example for obtaining good resistance
change characteristics, the second metal oxide 1065 may
have an oxygen content atomic percentage in a range from 68
atm % to 71 atm % inclusive (a value of x2 in TaO,, is in a
range from 2.1 to 2.5 inclusive), a resistivity of 10’ mQ-cm or
more. In terms of lowering a voltage for a initial breakdown,
athickness of the second metal oxide 1065 may be in a range
from 3 nm to 10 nm inclusive. The thickness of the second
metal oxide 1065 is equal to the thickness of the insulator
106¢.

Next, as shown in (h) in FIG. 4, the conductive layer 107
comprising a noble metal (Pt, Ir, Pa, or the like) is formed on
the second metal oxide 1064 and the insulator 106¢.

Next, as shown in (i) in FIG. 4, a desired mask (not shown)
is used to perform patterning on the conductive layer 105, the
first metal oxide 1064, the insulator 106¢, and the conductive
layer 107 to form the variable resistance element 20. A diam-
eter of the variable resistance element 20 (or a length of one
side when the variable resistance element 20 has a square
shape) may be, for example, twice or three times as long as a
minimum manufacturing size defined by process rule.

As a result, the formed variable resistance element 20 has
a structure in which the variable resistance layer 106 includ-
ing the first variable resistance layer 1061 and the second
variable resistance layer 1062 sequentially stacked is formed
between the first electrode 105 and the second electrode 107.

A noble metal representing as a material having a high
standard electrode potential is difficult to perform etching
thereon. Therefore, if such a noble metal is used for the
conductive layer 107, it is possible that the conductive layer
107 is first patterned on the second electrode 107, and the
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patterned second electrode 107 is used as a hard mask to form
the variable resistance element 20.

It should be noted that the conductive layer 105, the first
metal oxide 1064, the insulator 106¢, and the conductive layer
107 may be patterned together by using the same mask, or
may be patterned separately by using different masks.

Finally, as shown in (j) in FIG. 4, the second interlayer
insulation layer 108 is formed to cover the variable resistance
layer 106 and have a thickness in a range, for example, from
500 nm to 1000 nm inclusive. In the same manufacturing
method as shown in (a) and (b) in FIG. 4, the second contact
hole 109 and the second contact plug 110 are formed. Like the
first interlayer insulating layer 102, the second interlayer
insulating layer 108 may comprise plasma TEOS film, a
fluorine-containing oxide, or other low-k dielectric material.
After that, the second line 111 is formed, covering the second
contact plug 109. Eventually, the nonvolatile memory ele-
ment 10 is manufactured.

[Second Method of Manufacturing Nonvolatile Memory
Element]

(a) to (i) in FIG. 5 are cross-sectional views showing the
second example of the method of manufacturing a main part
of the nonvolatile memory element 10 according to the
present embodiment. The same reference numerals in FIG. 4
are assigned to the identical structural elements in FIG. 5, and
the identical structural elements are not described again
below. The steps (a) to (¢) in FIG. 5 are the same as (a) to (¢)
in FIG. 4, so that they are not explained again.

As shown in (d) in FIG. 5, the first metal oxide 1064 is
formed on the first electrode 105. For example, it is possible
that a tantalum target is spattered in an atmosphere of argon
and oxygen gas, in other words, reaction sputtering is used, in
order to form TaO,_, as the second metal oxide 106a.

As an effective example for obtaining good resistance
change characteristics, the first metal oxide 106a may have an
oxygen content atomic percentage in a range from 55 atm %
to 65 atm % inclusive (a value of x1in TaO, , is inarange from
1.22to0 1.86 inclusive), a resistivity in a range from 1 mQ2-cm
to 50 m&2-cm inclusive, and a thickness in a range from 20 nm
to 100 nm inclusive.

Subsequently, the second metal oxide 1065 is formed to be
planar. For example, like the first metal oxide 106a, it is
possible that reaction sputtering is performed on a tantalum
target in an oxygen gas atmosphere to form TaO,, that serves
as the second metal oxide 1065.

As an effective example for obtaining good resistance
change characteristics, the second metal oxide 10656 may
have an oxygen content atomic percentage in a range from 68
atm % to 71 atm % inclusive (a value of x2 in TaO,, isin a
range from 2.1 to 2.5 inclusive), a resistivity in a range from
107 mQ-cm or more, and a thickness in a range from 3 nm to
10 nm inclusive.

Next, as shown in (e) in FIG. 5, a desired mask (not shown)
is used to partially remove the second metal oxide 1065 to
expose the first metal oxide 106a. In other words, parts of the
second metal oxide 1065 are removed to left parts of dots in
shape. A diameter of the left second metal oxide 1065 (or a
length of one side when the left second metal oxide 1065 has
a square shape) may be, for example, a minimum manufac-
turing size defined by process rule.

In this case, in order to prevent etching damage caused by
fluorine or the like included in etching gas which enters the
first metal oxide 106a and deteriorates the quality of the
variable resistance layer, it is preferable that inert gas such as
argon (Ar) is used as etching gas. Wet etching using etching
liquid including hydrofluoric acid (HF) or the like is also
desirable. In the case of wet etching, fluorine (F) included in
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etching liquid does not enter the variable resistance layer, so
that variable resistance layer is not deteriorated.

Next, as shown in (f) in FIG. 5, the insulator 106¢ is formed
on the first metal oxide 106a and the second metal oxide
1065. For example, it is possible that polystalline silicon
target is spattered in an atmosphere of a mixed gas of argon
and nitrogen, in other words, reaction sputtering is used, in
order to form SiN as the insulator 106¢.

Next, as shown in (g) in FIG. 5, etch back is performed to
remove the insulator 106¢ from the top surface of the second
metal oxide 10654. As a result, the insulator 106¢ is formed on
the part in which the second metal oxide 1065 is removed
from the first metal oxide 106a. By the above-described pro-
cessing, the insulator 106¢ is formed to be planar. As a result,
the entire second variable resistance layer 1062 is formed as
a planar region. Next, the conductive layer 107 comprising a
noble metal (Pt, Ir, Pa, or the like) is formed on the second
metal oxide 1065 and the insulator 106¢.

Next, as shown in (h) in FIG. 5, a desired mask (not shown)
is used to perform patterning on the conductive layer 105, the
first metal oxide 1064, the insulator 106¢, and the conductive
layer 107 to form the variable resistance element 20. A diam-
eter of the variable resistance element 20 (or a length of one
side when the variable resistance element 20 has a square
shape) may be, for example, twice or three times as long as a
minimum manufacturing size defined by process rule.

As a result, the formed variable resistance element 20 has
a structure in which the variable resistance layer 106 includ-
ing the first variable resistance layer 1061 and the second
variable resistance layer 1062 sequentially stacked is located
between the first electrode 105 and the second electrode 107.

A noble metal representing as a material having a high
standard electrode potential or the like is difficult to perform
etching thereon. Therefore, if such a noble metal is used for
the conductive layer 107, it is possible that the conductive
layer 107 is first patterned on the second electrode 107, and
the patterned second electrode 107 is used as a hard mask to
form the variable resistance element 20.

It should be noted that the conductive layer 105, the first
metal oxide 1064, the insulator 106¢, and the conductive layer
107 may be patterned together by using the same mask, or
may be patterned separately by using different masks.

Finally, as shown in (i) in FIG. 5, the second interlayer
insulation layer 108 is formed to cover the variable resistance
layer 106 and have a thickness in a range, for example, from
500 nm to 1000 nm inclusive. In the same manufacturing
method as shown in (a) and (b) in FIG. 5, the second contact
hole 109 and the second contact plug 110 are formed. After
that, the second line 111 is formed, covering the second
contact plug 110. Eventually, the nonvolatile memory ele-
ment 10 is manufactured.

[Lowering of Initial Breakdown Voltage|

FIG. 6 is a graph plotting an initial breakdown voltage in
the nonvolatile memory element 10 according to the present
embodiment (Present Embodiment) and an initial breakdown
voltage in the conventional nonvolatile memory element 50
(Conventional Example). In each of the conventional
example and the present embodiment, a range of variations of
measured initial breakdown voltages is shown by an error bar,
and an average value of the initial breakdown voltages is
shown by a white circle. The initial breakdown voltage in the
present embodiment is significantly lower than that in the
conventional example.

As described above, in the nonvolatile memory element 10
in which the second variable resistance layer 1062 includes
the second metal oxide 1065 and the insulator 106¢, an effec-
tive path for an operation current has a smaller cross-sectional
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area than that of the nonvolatile memory element 50. As a
result, it is possible to reduce a leak current, and significantly
lowering an initial breakdown voltage.

[Decrease in Variations of Variable Resistance Character-
istics|

Next, the description is given for resistance change in the
case where an electric pulse is applied to the nonvolatile
memory element 10 according to the present embodiment.

FIG. 7 is a graph plotting an example of a relationship
between a resistance value and a pulse application count in
the nonvolatile memory element 10. FIG. 7 shows an example
of variations of the resistance value of the nonvolatile
memory element 10 in the case where electric pulses having
the same pulse width of 100 ns and different polarities are
alternately applied between the first electrode 105 and the
second electrode 107 (hereinafter, referred to simply as
“between the electrodes™) of the nonvolatile memory element
10.

By alternately applying electric pulses having different
polarities between the electrodes, the resistance value of the
nonvolatile memory element 10 reversibly changes. More
specifically, in FIG. 7, when a negative voltage pulse (with a
voltage of —1.5 V and a pulse width of 100 ns) is applied
between the electrodes, the resistance value of the nonvolatile
memory element 10 is decreased to approximately ten thou-
sand € (low resistance value), and when a positive voltage
pulse (with a voltage of +2.4 V and a pulse width of 100 ns) is
applied between the electrodes, the resistance value is
increased to several hundreds of thousand Q (high resistance
value).

Here, regarding a polarity of a voltage, a voltage that is
positive for the second electrode 107 with respect to the first
electrode 105 is defined as a “positive voltage”, and a voltage
that is negative for the second electrode 107 with respect to
the first electrode 105 is defined as a “negative voltage”.
Hereinafter, the voltage polarities are defined as above. It
should be noted that the results shown in FIG. 7 are measured
values of a sample in which a diameter of the variable resis-
tance layer 106 is 0.5 um, a thickness of the first variable
resistance layer 1061 is approximately 45 nm, and a thickness
of'the second variable resistance layer 1062 is 5 nm.

FIG. 8 is a graph plotting a distribution of an operation
current (a current provided to change the resistance value of
the variable resistance layer) in each of the nonvolatile
memory element 10 according to the present embodiment
(Present Embodiment) and the conventional nonvolatile
memory element 50 (Conventional Example). Here, an LR
current refers to a current provided to change the variable
resistance layer to have a low resistance value, while an HR
current refers to a current provided to change the variable
resistance layer to a high resistance value. In each of the
conventional example and the present embodiment, for each
of'the HR current and the LR current, a range of variations of
measured currents is shown by an error bar, and an average
value of the current values is shown by a white circle.

In comparison to the nonvolatile memory element 50 as the
comparison example, variations in both the LR current and
the HR current are smaller in the nonvolatile memory element
10 according to the present embodiment. The reasons of the
reduction in the variations of the LR currents and the HR
current are that, in the nonvolatile memory element 10, a
conductive path is formed in a region of the second metal
oxide 1065, namely, the central part of the second variable
resistance layer 1062, but a conductive path is not formed in
the side surface part that is likely to be affected by damage or
oxidation in manufacturing the element in the same manner as
the nonvolatile memory element 50. As the same reasons, the
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nonvolatile memory element 10 can reduce not only varia-
tions of the current value but also the variations of the resis-
tance value, more than the nonvolatile memory element 50
can do.

[Operation Example of Nonvolatile Memory Element]

Next, the description is given for an operation example of
the nonvolatile memory element according to the present
embodiment which serves as a memory, in other words, an
operation example of writing and reading data, with reference
to the drawings.

FIG. 9 is a graph plotting the operation example of writing
data into the nonvolatile memory element 10.

As shown in FIG. 9, when two kinds of electric pulses
having an amplitude of a predetermined threshold voltage or
higher, a pulse width of 100 ns, and different polarities are
alternately applied between the first electrode 105 and the
second electrode 107, the resistance value of the variable
resistance layer 106 is changed. In other words, if a negative
voltage pulse (with a voltage E1 and a pulse width of 100 ns)
is applied between electrodes, the resistance value of the
variable resistance layer 106 is decreased from a high resis-
tance value Rb to a low resistance value Ra. On the other
hand, if a positive voltage pulse (with a voltage E2 and a pulse
width of 100 ns) is applied between electrodes, the resistance
value ofthe variable resistance layer 106 is increased from the
low resistance value Ra to the high resistance value Rb. The
voltage E1 is, for example, —-1.5V, and the voltage E2 is, for
example, +2.4 V.

In the example shown in FIG. 9, the high resistance value
Rb is allocated+ to data “0”, and the low resistance value Ra
is allocated to data “1”. Therefore, if a positive voltage pulse
is applied between the electrodes to change the resistance
value of the variable resistance layer to the high resistance
value Rb, data “0” is written. If a negative voltage pulse is
applied between the electrodes to change the resistance value
of'the variable resistance layer to the low resistance value Ra,
data “1” is written.

FIG. 10 is a graph plotting an operation example of reading
data from the nonvolatile memory element according to the
present embodiment.

As shown in FIG. 10, when data is to be read, a reading
voltage E3 (IE3I<IE1l, IE3I<|E2I, for example, 0.5 V) having
an amplitude that is much smaller than an electric pulse
applied to change the resistance value of the variable resis-
tance layer is applied between the electrodes. As a result, a
current corresponding to the resistance value of the variable
resistance layer is provided, and a value of the provided
current is detected, thereby making it possible to read the
written data.

In the example shown in FIG. 10, an output current value [a
corresponds to the resistance value Ra, and an output current
value Ib corresponds to the resistance value Rb. Therefore,
the data “1” is read out when the output current value la is
detected, while the data “0” is read out when the output
current value Ib is detected.

As described above, in a region between the first electrode
105 and the second electrode 107, the variable resistance
layer functions as a memory unit. As a result, the nonvolatile
memory device 10 operates as a memory.

(First Application Example of Nonvolatile Memory Ele-
ment)

The following describes, as the first application example of
the nonvolatile memory element according to the present
embodiment, a nonvolatile memory device in which each of
the nonvolatile memory elements includes a single diode and
a single variable resistance element.
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[Structure of Nonvolatile Memory Device according to
First Application Example]

FIG. 11 is a block diagram of a structure of the first appli-
cation example of the nonvolatile memory device including
the nonvolatile memory elements according to the present
embodiment. FIG. 12 is an oblique perspective view of a
structure of an A part (structure for four bits) in the nonvola-
tile memory device shown in FIG. 11. The present application
example is a nonvolatile memory device including crosspoint
memory cells each having a nonvolatile memory element in
which a variable resistance element is connected in series
with a diode.

As shown in FIG. 11, the nonvolatile memory device 200
according to the present application example includes a
memory body 201 on a semiconductor substrate. The
memory body 201 includes a memory cell array 202, a row
selection circuit/driver 203, a column selection circuit/driver
204, a writing circuit 205 for writing data, a sense amplifier
206 that detects a current amount flowing in a selected bit line
to determine whether or not data is “1” or “0”, and a data
input/output circuit 207 that inputs and outputs data via a
terminal DQ. The nonvolatile memory device 200 further
includes: an address input circuit 208 that receives an address
signal from the outside; and a control circuit 209 that controls
operations of the memory body 201 based on a control signal
provided from the outside.

As shown in FIGS. 11 and 12, the memory cell array 202
includes a plurality of word lines (first lines) WLO, WL1,
WL2, . ..and a plurality of bit lines (second lines) BL.O, BL.1,
BL2, .. .. The word lines WLO, WL1, WL2, . .. are arranged
in parallel to one another on the semiconductor substrate.
Abovetheword lines WLO, WL1, WL2, .. ., thebit lines BLO,
BL1, BL2,. .. are arranged in parallel to one another on the
plane in parallel to the main surface of the semiconductor
substrate, so as to three-dimensionally cross the word lines
WLO, WL1, WL2, . . ., respectively. In this example, the
respective word lines cross at right angles to the respective bit
lines.

The memory cell array 202 also includes a plurality of
memory cells M111, M112, M113, M121, M122, M123,
M131, M132, M133, . . . which are arranged in a matrix
corresponding to respective crosspoints between the word
lines WLO, WL1, WL2, . . . and the bit lines BLO, BL1,
BL2,....

Here, each of the memory cells M111, M112, . . . includes
the above-described nonvolatile memory element 10 accord-
ing to the present embodiment and a current steering element
connected in series with the nonvolatile memory element 10.
Each of the nonvolatile memory elements includes a variable
resistance layer having a multi-layer structure of oxygen-
deficient metal oxides.

Furthermore, each of the memory cells M111,M112, .. .in
FIG. 11 is shown as the memory cell 210 in FIG. 12.

[Structure of Nonvolatile Memory Element in Nonvolatile
Memory Device according to First Application Variation]

FIG. 13 is a cross-sectional view of a structure of the
nonvolatile memory element in the nonvolatile memory
device shown in FIG. 11 according to the first application
example. FIG. 13 shows a structure of'a B part in FIG. 12.

As shown in FIG. 13, in the nonvolatile memory device
according to the present application example, the nonvolatile
memory element 210 is provided between a lower line 212
comprising a copper (corresponding to the word line WL1 in
FIG. 14) and an upper line 211 (corresponding to a bit line
BL1 in FIG. 14). In the nonvolatile memory element 210,
there are a lower electrode 217, a current steering layer 216,
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an inner electrode 215, a variable resistance layer 214, and an
upper electrode 213 which are sequentially stacked.

Here, the internal electrode 215, the variable resistance
layer 214, and the upper electrode 213 correspond to the first
electrode 105, the variable resistance layer 106, and the sec-
ond electrode 107, respectively, in the nonvolatile memory
element 10 according to the present embodiment shown in (a)
in FIG. 3. Therefore, the structure of the present application
example is manufactured in the same manner as the structure
according to the present embodiments.

The current steering element 216 is connected in series
with the variable resistance layer 214 via the inner electrode
215 comprising TaN. The current steering layer 216 and the
variable resistance layer 214 are electrically connected to
each other. The current steering element that includes the
lower electrode 217, the current steering layer 216, and the
inner electrode 215 is an element represented by a Metal-
Insulator-Metal (MIM) diode or a Metal-Semiconductor-
Metal (MSM) diode. The current steering element has liner
current characteristics with respect to voltages. In a MSM
diode, a larger amount of current can flow than a MIM diode.
An example of the current steering layer 216 may be amor-
phous Si or the like. This current steering element has bi-
directional current characteristics with respect to voltages,
and is conductive at a predetermined threshold voltage V{ (for
example, in a range from +1 V to -1 V inclusive with refer-
ence to one of the electrodes).

It should be noted that a tantalum and a tantalum oxide are
materials that are generally used in semiconductor, so that
they have significantly high affinity. Therefore, it is possible
to easily introduce a tantalum and a tantalum oxide into
existing semiconductor manufacturing.

[Structural Example of Nonvolatile Memory Device Hav-
ing Multi-Layer Structure]

A plurality of the memory cell arrays in the nonvolatile
memory device according to the present application example
as shown in FIGS. 11 and 12 are three-dimensionally stacked
to manufacture a nonvolatile memory device having a multi-
layer structure.

FIG. 14 is an oblique perspective view of a memory cell
array having a multi-layer structure of a plurality of the
memory cell arrays of the nonvolatile memory device accord-
ing to the first application example shown in FIG. 12. As
shown in FIG. 14, the nonvolatile memory device includes a
multi-layer memory cell array in which a plurality of memory
cell arrays are stacked. Each of the memory cell arrays
includes a plurality of lower lines (first lines) 212, a plurality
of upper lines (second lines) 211, and a plurality of memory
cells 210. The lower lines 212 are arranged in parallel to one
another on a semiconductor substrate (not shown). Above the
lower lines 212, the upper lines 211 are arranged in parallel to
one another on the plane in parallel to the main surface of the
semiconductor substrate, so as to three-dimensionally cross
the lower lines 212, respectively. The memory cells 210 are
provided at respective crosspoints between the lower lines
212 and the upper lines 211 to form a matrix.

It should be noted that, in the example shown in FIG. 14,
there are five line layers, and four layers of the nonvolatile
memory elements arranged at crosspoints between lines, but,
of course, the number of the line layers or the layers of the
nonvolatile memory elements may be increased or decreased
as needed.

The multi-layer memory cell array having the above struc-
ture allows the nonvolatile memory to have an extremely
large capacity.

As described in the present embodiment, the variable resis-
tance layer according to the present embodiment can be
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manufactured at a low temperature. Therefore, even in the
case of including the step of forming lines to have a multi-
layer structure as described in the present embodiment, the
step of forming the multi-layer lines does not affect materials
of transistors and materials of lines such as silicide, which are
formed in the step of manufacturing a lower layer. As a result,
a multi-layer memory cell array can be easily manufactured.
In other words, the use of the variable resistance layer com-
prising a tantalum oxide according to the present embodiment
allows the nonvolatile memory device to easily have the
multi-layer structure.

(Second Application Example of Nonvolatile Memory Ele-
ment)

The following describes, as the second application
example of the nonvolatile memory element according to the
present embodiment, a nonvolatile memory device in which
each of the nonvolatile memory elements includes a single
transistor and a single variable resistance element.

[Structure of Nonvolatile Memory Device according to
Second Application Example]

FIG. 15 is a block diagram showing a structure of a second
application example of a nonvolatile memory device includ-
ing the nonvolatile memory elements according to the present
embodiment. FIG. 16 is an oblique perspective view showing
astructure of a C part (structure for two bits) in the nonvolatile
memory device shown in FIG. 15. The present application
example is a nonvolatile memory device including 1 transis-
tor-1 nonvolatile memory element (1T1R) memory cells each
having a nonvolatile memory element that includes a variable
resistance element and a transistor.

As shown in FIG. 15, the nonvolatile memory device 300
according to the present application example includes a
memory body 301 on a semiconductor substrate. The
memory body 301 includes a memory cell array 302, a row
selection circuit/driver 303, a column selection circuit 304, a
writing circuit 305 for writing data, a sense amplifier 306 that
detects a current amount flowing in a selected bit line to
determine whether or not data is “1” or “0”, and a data
input/output circuit 307 that inputs and outputs data via a
terminal DQ. The nonvolatile memory device 300 further
includes: a cell plate power source (VCP power source) 308;
an address input circuit 309 that receives an address signal
from the outside; and a control circuit 310 that controls opera-
tions of the memory body 301 based on a control signal
provided from the outside.

The memory cell array 302 includes a plurality of word
lines (first lines) WLO, WL1, WL2, . . ., aplurality of bit lines
(second lines) BLO, BL1, BL2, . . ., a plurality of transistors
T11,T12,T13,T21,T22,T23,T31,T32,T33,...,aplurality
of memory cells M211, M212, M213, M221, M222, M223,
M231, M232, M233, . . . . The word lines WLO, WL1,
WL2, ... and the bit lines BLO, BL1, BL2, . . . are provided
on the semiconductor substrate and arranged to cross each
other. The transistors T11, T12, T13, T21, T22, T23, T31,
T32, T33, ... are provided at respective crosspoints between
the word lines and the bit lines. The memory cells M211,
M212, M213, M221, M222, M223, M231, M232, M233, ...
are provided to correspond to the transistors T11, T12, T13,
T21, T22, T23, T31, T32, T33, . . ., respectively. In this
example, the respective word lines cross at right angles to the
respective bit lines.

The memory cell array 302 includes a plurality of plate
lines (third lines) PLO, PL.1, PL2, . . . which are arranged in
parallel to the word lines WLO, WL1, WL2, . ... As shown in
FIG. 16, above the word lines WLO0 and WL 1, the bit line BLO
is provided. Between the bit line BLO and the word lines WLO
and WLI1, there are plate lines PLLO and PL1. It should be
noted that, in the above structure example, the plate lines are
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in parallel to the word lines, but the plate lines may be in
parallel to the bit lines. It should be noted that it has been
described that the plate lines apply the same potential to all
the transistors, but it is also possible that a plate line selection
circuit/driver having the same structure as that of the row
selection circuit/driver is provided to drive a selected plate
line and non-selected plate lines at different voltages (with
different polarities).

Here, each of the memory cells M211, M212, . . . corre-
sponds to the nonvolatile memory element 10 according to
the present embodiment. Each of the nonvolatile memory
elements has a variable resistance layer having a multi-layer
structure comprising oxygen-deficient metal oxides. More
specifically, the nonvolatile memory element 313 in FIG. 16
corresponds to each of the memory cells M211, M212, .. .in
FIG. 15, and the nonvolatile memory element 313 includes:
anupper electrode 314; a variable resistance layer 315 having
a multi-layer structure comprising oxygen-deficient metal
oxides; and a lower electrode 316. FIG. 16 further includes a
plug layer 317, a metal line layer 318, and a source or drain
region 319.

As shown in FIG. 15, drains of the transistors T11, T12,
T13, . . . are connected to the bit line BLO, drains of the
transistors T21, T22, T23, . . . are connected to the bit lines
BL1, and drains of the transistors T31, T32, T33, . . . are
connected to the bit line BL2.

Gates of the transistors T11, T21,T31, . . . are connected to
the word line WLO, gates of the transistors T12, T22,
T32, ... are connected to the word line WL 1, and gates of the
transistors T13, T23, T33, . . . are connected to the word line
WL2.

Furthermore, sources of the transistors T11, T12, . . . are
connected to the memory cells M211, M212, . . ., respec-
tively.

The memory cells M211, M221, M231, . . . are connected
to the plate line PLO, the memory cells M212, M222,
M232, ... areconnected to the plate line PL1, and the memory
cells M213, M223, M233, . . . are connected to the plate line
PL2.

The address input circuit 309 receives an address signal
from an external circuit (not shown). Based on the address
signal, the address input circuit 309 provides a row address
signal to the row selection circuit/driver 303 and a column
address signal to the column selection circuit 304. Here, the
address signal indicates an address of a certain memory cell
selected from the memory cells M211, M212, . . .. The row
address signal indicates a row address ofthe address indicated
by the address signal, and the column address signal indicates
a column address of the address indicated by the address
signal.

In a data writing cycle, the control circuit 310 provides the
writing circuit 305 with a writing signal instructing applica-
tion of a writing voltage, based on input data Din provided to
the data input/output circuit 307. On the other hand, in a data
reading cycle, the control circuit 310 provides the column
selection circuit 304 with a read signal instructing application
of a read voltage.

The row selection circuit/driver 303 receives the row
address signal from the address input circuit 309. Based on
the row address signal, the row selection circuit/driver 303
selects one of the word lines WLO, WL1, WL2, . . ., and
applies a predetermined voltage to the selected word line.

On the other hand, the column selection circuit 304
receives the column address signal from the address input
circuit 309. Based on the column address signal, the column
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selection circuit 304 selects one of the bit lines BLO, BL1,
BL2, ... and applies a writing voltage or a read voltage to the
selected bit line.

When the writing circuit 305 receives the writing signal
from the control circuit 310, the writing circuit 305 issues a
signal instructing application of the writing voltage to the
selected bit line to the column selection circuit 304.

In a data reading cycle, the sense amplifier 306 detects an
amount of a current flowing in the selected bit line from which
data is to be read, and determines whether the data is “1” or
“0”. The resulting output data DO is provided to an external
circuit via the data input/output circuit 307.

It should be noted that the second application example
having a structure of 1 T1R nonvolatile memory element does
not have a multi-layer structure and therefore has a smaller
amount of a memory capacity than that of the crosspoint
nonvolatile memory element according to the first application
example. However, the second application example does not
need a current steering element such as a diode. Therefore, the
second application example can be easily combined with the
method of CMOS manufacturing. In addition, it is also pos-
sible to easily control the operations of the second application
example.

Moreover, like the first application example, the variable
resistance layer according to the present embodiment can be
manufacture at a low temperature. Therefore, even in the case
of including the step of forming lines to have a multi-layer
structure as described in the present application example, the
step of forming the multi-layer lines does not affect materials
of transistors and materials of lines such as silicide, which are
formed in the step of manufacturing a lower layer.

Also, like the first application example, forming of a tan-
talum and a tantalum oxide can be easily introduced in exist-
ing semiconductor manufacturing methods. Therefore, the
nonvolatile memory device according to the present applica-
tion example can be easily manufactured.

It should be noted that it has been described in the above
embodiment that a metal oxide used in the variable resistance
layer is a tantalum oxide, a hafnium oxide, or a zirconium
oxide. However, the metal oxide layer between the first elec-
trode and the second electrode, which serves as the main
variable resistance layer with resistance change, may also
comprise a small amount of the other element, as long as the
metal oxide layer comprises a tantalum oxide layer, a hatnium
oxide layer, a zirconium oxide layer, or the like are included.
Itis also possibleto purposely include a small amount of other
element in the metal oxide layer to slightly adjust the resis-
tance value, for example. This case is also included in the
scope of the present disclosure. For example, addition of
nitrogen into the variable resistance layer increases the resis-
tance value of the variable resistance layer to improve reac-
tion of resistance change.

Furthermore, when the variable resistance layer is formed
by spattering, residual gas or gas released from a wall of a
vacuum case causes unintended element of a small amount to
be mixed into the variable resistance layer. Such mixture of
element of a small amount is, of course, included in the scope
of the present disclosure. Although only exemplary embodi-
ment and its application examples of the present disclosure
have been described in detail above, those skilled in the art
will readily appreciate that many modifications are possible
in the exemplary embodiment and its application examples
without materially departing from the novel teachings and
advantages of the present disclosure. Accordingly, all such
modifications are intended to be included within the scope of
the present disclosure.

INDUSTRIAL APPLICABILITY

The present disclosure provides a variable resistance semi-
conductor memory element and a method of manufacturing a
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nonvolatile memory device including the memory elements.
The present disclosure can offer a nonvolatile memory that
stably operates and have a high reliability. The present dis-
closure is useful in various electronic devices including non-
volatile memories.

What is claimed is:

1. A nonvolatile memory element, comprising:

a first electrode;

a second electrode; and

a variable resistance layer between the first electrode and
the second electrode, the variable resistance layer hav-
ing a resistance value that reversibly changes according
to an electrical signal applied between the first electrode
and the second electrode,

wherein the variable resistance layer includes at least a first
variable resistance layer and a second variable resistance
layer,

the first variable resistance layer comprises a first metal
oxide,

the second variable resistance layer is planar and includes
a first part and a second part, the first part comprising a
second metal oxide and being planar, and the second part
comprising an insulator and being planar,

the second metal oxide has a lower oxygen deficient degree
than an oxygen deficient degree of the first metal oxide,
and

the first part and the second part of the second variable
resistance layer are in contact with different parts of a
main surface of the first variable resistance layer, the
main surface facing the second variable resistance layer.

2. The nonvolatile memory element according to claim 1,

wherein the second variable resistance layer has a thick-
ness in a range from 3 nm to 10 nm inclusive.

3. The nonvolatile memory element according to claim 1,

wherein the first part and the second part of the second
variable resistance layer are in contact with different
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parts of a main surface of the second electrode, the main
surface facing the second variable resistance layer.

4. The nonvolatile memory element according to claim 1,

wherein the first part of the second variable resistance layer
does not include side surfaces of the second variable
resistance layer, and the second part of the second vari-
able resistance layer includes the side surfaces of the
second variable resistance layer.

5. The nonvolatile memory element according to claim 1,

wherein the insulator is one of an oxide, a nitride, and an
oxynitride.

6. The nonvolatile memory element according to claim 1,

wherein each of the first metal oxide and the second metal
oxide is one of a tantalum oxide, a hafnium oxide, and a
zirconium oxide.

7. The nonvolatile memory element according to claim 1,

wherein the second metal oxide includes a local region
having an oxygen deficient degree that reversibly
changes according to an applied electric pulse.

8. The nonvolatile memory element according to claim 1,
wherein a size of the first part is no larger than a half of a
size of the second variable resistance layer in length.

9. The nonvolatile memory element according to claim 1,

further comprising

an insulation layer in which the first electrode, the second
electrode, and the variable resistance layer are embed-
ded, the insulation layer comprising an insulator differ-
ent from the insulator in the second part in the variable
resistance layer.

10. The nonvolatile memory element according to claim 1,

wherein a first metal in the first metal oxide is same as a
second metal in the second metal oxide.

11. The nonvolatile memory element according to claim 1,

wherein a first metal in the first metal oxide is different
from a second metal in the second metal oxide.
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